The mechanism of the Zn(II) catalyzed oxidation of benzylic alcohol to benzaldehyde and ester by H 2 O 2 oxidant was investigated through density functional theory methods and compared with the similar oxidation mechanisms of other late transition metals. Both inner sphere and intermediate sphere mechanisms have been analyzed in the presence and absence of pyridine-2-carboxylic acid (ligand). An intermediate sphere mechanism involving the transfer of hydrogen from alcohol to H 2 O 2 was found to be preferred over the competitive inner sphere mechanism involving b-hydride elimination. Kinetic barriers associated with the intermediate sphere mechanism are consistent with the experimental observations, suggesting that the intermediate sphere mechanism is a plausible mechanism under these reaction conditions. The oxidation of alcohols to aldehydes (first step) is kinetically more demanding than the oxidation of hemiacetals to esters (second step). Changing the oxidant to tert-butyl hydrogen peroxide (TBHP) increases the activation barrier for the oxidation of alcohol to aldehyde by 0.4 kcal mol
Introduction
Esters represent an important class of organic compounds and nd applications in ne and bulk chemical industries, fragrances, essential oils, pheromones, pharmaceuticals, agrochemicals, 1 plastics and textile industries. 2 Conventional methods 3-5 of preparing esters generally involve tedious procedures and produce toxic wastes. 6 Over the time, several sophisticated strategies have appeared in the literature to build the ester bond, mainly through transition metal catalysis.
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Recently, palladium catalyzed direct oxidative cross esteri-cation of benzylic and aliphatic alcohols to esters was reported independently by Beller 10 and Lei. 11 In the direct oxidative cross reaction, oxygen was used as an oxidant and esters were prepared in good yields. The reaction involves the oxidation of alcohol to aldehyde and the resulting aldehyde then reacts with another molecule of alcohol to form the hemiacetal, which on further oxidation delivers the ester product. The reaction is environmentally benign with high atom economy without the need for any activating agent. The concept of oxidation (dehydrogenation) of alcohols is more than 100 years old (Guerbet Chemistry) 12 but its elegant use in ester 13 and amide 14 formation has not been realized until recently. Several other late transition metals have been used for similar oxidation reactions. 10, 11, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] Because the catalysts used in the oxidative transformation (mostly Pd, Ir, Ru, and Au) are expensive, the reactions are not economically viable, particularly on an industrial scale. An important factor in the large scale utilization of these reactions is the cost of the catalyst; therefore, recent study is more focused towards the exploration of cheap, non-toxic and environmentally benign catalysts, particularly those based on biorelevant metals such as iron, zinc, and copper. In this regard, Yefeng Zhu et al. have reported a copper metal based catalyst for the selective oxidation of alcohols to esters, and the selectivity was further extended to benzylic alcohols in DMF. 25 More recently, alcohol oxidation to aldehyde and ester through zinc(II) catalyst has also been reported (Scheme 1), where H 2 O 2 is used as the terminal oxidant.
has been observed recently. The importance of zinc catalysis has been demonstrated in several recent reports, including oxidative transformations. The oxidation of alcohols to aldehydes and esters is achieved with zinc bromide and H 2 O 2 as catalyst and oxidant, respectively. 26 In a similar approach, aromatic aldehydes have been converted to esters through zinc catalysis. 28 Zinc mediated oxidation of ether to aldehydes is also an interesting transformation. 29 Although experimental reports have started to emerge, the literature reveals only a handful of theoretical mechanistic studies on zinc catalyzed reactions. In particular, there have been no theoretical reports on the mechanism of any Zn(II) mediated oxidation reactions. A theoretical mechanistic study of the zinc(II) catalyzed oxidation of alcohols to aldehydes and esters under H 2 O 2 and pyridine-2-carboxylic acid ligand is presented here. The main interest behind this study is to compare the mechanism of the zinc catalyzed reaction with other metals (ruthenium and other related metals).
Computational methods
All calculations were performed with Gaussian 09 soware.
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Geometries of the structures were optimized without any symmetry constraints at hybrid B3PW91, using the 6-311G(d,p) 31 basis set for C, H, N and oxygen, and SDDALL pseudopotential 32 for Zn, Br and I, unless otherwise noted. The B3PW91 method, which consists of a three parameters hybrid functional developed by Becke, 33 in conjunction with the gradient corrected correlation functional of Perdew and Wang, 34 was chosen because it has been shown to reliably model a similar oxidative reaction using Ru metal. 35 Each optimized structure was conrmed by frequency analysis at the same level to conrm the stationary point as a true minimum (no imaginary frequency) or a transition state (with one imaginary frequency). Intrinsic reaction coordinate (IRC) calculations were performed to conrm that the transition states connect to the right starting materials and products. IRC was performed until the stationary point was reached with RMS gradient less than 1 Â 10 À4 hartree per bohr. Stationary points located through IRC were then completely optimized with the above mentioned method. The solvent effect was studied through single point energy calculations in methanol solvent through the polarization continuum model (PCM). The reported energies for all structures are Gibbs free energies (in kcal mol À1 ).
Results and discussion
To explore possible reaction mechanisms for the formation of 3 and 2 from 1, we have performed DFT calculations at the B3PW91 level of theory. Theoretical studies on oxidative esterication and amidation with other late transition metals (Ru, Pd, and Au) reveal the occurrence of three possible mechanisms: inner sphere, outer sphere and intermediate sphere mechanisms. [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] In the inner sphere mechanism, a coordinated alcohol delivers a b-hydride to the metal (Fig. 1 ). In the outer sphere mechanism, 47 the alcohol delivers a hydride to the metal, but without being coordinated to the metal. Both inner sphere and outer sphere mechanisms involve the transfer of hydride to metal; however, in the intermediate sphere mechanism, hydrogen is transferred to a hydrogen acceptor instead of a metal.
The inner sphere mechanism involving the liberation of hydrogen is proposed in the oxidative esterication by the ruthenium pincer complex (Fig. 1 ). An inner sphere mechanism is also proposed for the palladium catalyzed esterication. 48 However, a bifunctional double hydrogen transfer mechanism is shown to operate for the ruthenium dehydrogenation catalyst 49 originally discovered by Milstein. 13 Both inner and outer sphere mechanisms are shown to operate in the conversion of aliphatic amino alcohols to amino aldehydes. 50 Inner and outer sphere mechanisms involve a hydride abstraction by metal (vide supra). b-Hydride elimination by metal requires a vacant coordination site and an electron in the d orbital of the metal. Considering these requirements, zinc species with more than three ligands are not anticipated to be active catalysts for b-hydride elimination. With these facts in mind, it would be interesting to explore the operating mechanism in zinc catalysed oxidation reactions. A general numbering scheme for discussion of compounds in this manuscript is given in Fig. 2 . The experimental reaction conditions show that the oxidative esterication reaction may be carried out in ZnBr 2 alone, without any added ligand, but the yields are low. Addition of ligands 4-8 signicantly improves the conversion yields. Efficiencies of ligand 4 and 7 are much better than 5, 6 and 8. Because the efficiencies of ligands 4 and 7 are comparable, ligand 7 is used for this study to reduce the computational cost. In the study by Wu, H 2 O 2 is used as the oxidant. In a similar report on oxidative amide formation from alcohol and amine, ZnI 2 and TBHP are used as the catalyst and oxidant, respectively. In this study, mechanistic details of a ZnBr 2 catalyzed reaction in the presence of H 2 O 2 oxidant are studied and the effects of ligand, oxidant and catalyst are also explored.
Initially, we studied the inner sphere mechanism for zinc catalysed oxidation of alcohol to ester (Fig. 3 ). The complex 9 is an eighteen electron complex and has a distorted tetrahedral geometry around the zinc atom. The complex 9 has another isomer 10, which is lower in energy than 9 by 19.01 kcal mol À1 .
A proton from carboxylic oxygen (O8) in 9 is shied to O1 in complex 10. The complex 10 is occasionally obtained during the optimization of complex 9.
A transition state TS 9-11 for b-hydride elimination by zinc is located at a barrier of 31.78 kcal mol À1 from 9. This activation barrier is considerably higher than the one reported for the ruthenium based catalyst (8.80 kcal mol À1 ). 49, 50 The high activation barrier is not unexpected because the ability of transition metals to abstract b-hydride decreases from le to right in the periodic table; moreover, it is expected to be small for zinc. There are certain marked differences in the transition states for Ru and zinc based species. The transition state for b-hydride elimination to ruthenium catalyst is a very early transition state with geometry very similar to the starting material, 50 whereas the zinc based transition state is almost in the middle. The geometry around zinc in the transition state is close to distorted square pyramid. The C2-H6 bond is considerably elongated to 1.73 A in the transition state from 1.10 A in 9. Moreover, the Zn-H6 and O-Zn bond distances are 1.69 A and 2.13 A, respectively. A few important structural parameters are given in Table 1 . The geometry around zinc in 11 is distorted tetrahedron. The aldehyde product is no longer in coordination with the metal centre and shows hydrogen bonding interaction with the carboxylic acid moiety of the ligand. N7-Zn-H6, O1-Zn-O8 and N7-Zn-O8 bond angles are 116. 24 , 113.35 and 72.15 , respectively. The hydride shi on zinc is also thermodynamically uphill by 4.04 kcal mol À1 from 9. The kinetic barrier for the hydride elimination is much higher than the similar reaction with other late transition metals (vide supra), which may be attributed the electron rich nature of the zinc metal, especially with four ligands coordinated. Because the reaction is carried out experimentally at room temperature, the kinetic barrier for b-hydride elimination is very high to be accessible under the reaction conditions. Therefore, b-hydride elimination (inner sphere) is not believed to be a plausible mechanism. The kinetic barrier of the inner sphere mechanism is very high to be accessible under the experimental reaction conditions; therefore, the intermediate sphere mechanism is envisaged. In the intermediate sphere mechanism, the hydrogen acceptor (H 2 O 2 in this case) also coordinates to the metal. The complex 12 is a 20 electron species with a distorted square pyramid type structure. The alkoxide oxygen (O1) is strongly coordinated to zinc at the distance of 1.87 A. An oxygen atom of H 2 O 2 (O9) is weakly coordinated to zinc (2.30 A), but this interaction is strong compared to the coordination of carboxylic oxygen with zinc (2.42 A). The other OH (O10) proton of H 2 O 2 interacts with the bromide ligand. Quite similar to complex 9, a proton shied isomer of 12 is more stable than the complex 12. The complex 13 is structurally similar to 12 except that a proton from O8 is shied to O1. The complex 13 is 20.06 kcal mol À1 more stable than 12 and this energy difference is very . All bond lengths are in Angstroms. Unnecessary hydrogen atoms are removed for clarity. (14) is a penta-coordinate complex. The water molecule produced (by the acceptance of hydrogen by H 2 O 2 ) shows hydrogen bonding interactions with the OH ligand and the aldehyde fragment. The water molecule acts as a hydrogen bond acceptor and donor for aldehyde (2.13 A) and OH (1.71 A) ligands, respectively. The OH group of the carboxylic acid has very weak interaction with the metal and the bond is elongated to 2.42 A (see Fig. 4 for details) . The N7-Zn and O-Zn bond distances are 2.18 and 2.13 A, respectively. The kinetic barrier predicted through this mechanism is in good agreement with the experiment, which suggests that the intermediate sphere mechanism may be a plausible one. Another experimental aspect in support of this mechanism is the acceleration of the reaction with higher concentration of H 2 O 2 and it may be due to the direct involvement of H 2 O 2 in the rate determining step (vide supra).
In similar reactions with other metals, an accepted notion is that the generated aldehyde reacts with alcohols to generate hemiacetals. The latter then enters into the catalytic cycle again and generates the ester product through another oxidation. Oxidation of aldehydes to esters is carried out with a variety of alcohols 26, 28 for structural diversity in esters; however, we have chosen butanol as an example. The formation of hemiacetal and its coordination to zinc by replacing water molecules is not analyzed in this study. In the intermediate sphere mechanism, the next step is the exchange of a proton with a hydroxyl ligand to form an alkoxy ligand. Although the proton exchange is not believed to be a kinetically demanding step, this reaction is modelled as well. The substrate may have many possible conformations and orientations of the aliphatic chain on oxygen with respect to the catalyst. A systematic search of all the possibilities in the intermediates and transition states was not carried out because they are not expected to signicantly inuence the energy proles. The hemiacetal bound complex 15 has a tetrahedral geometry around zinc. The hemiacetal oxygens are not coordinated with zinc in 15, rather the hemiacetal is held there by hydrogen bonding interactions with other ligands (OH and L). The OH of the hemiacetal has hydrogen bonding interaction with the hydroxyl ligand on Zn (O-H/O bond distance is 1.56 A). The O11 of the hemiacetal interacts with carboxylic oxygen (O10) at a distance of 1.61 A. The Zn-Br distance in the complex is very similar to other complexes (2.46 A). Zn-O (OH), Zn-N7 and Zn-O8 bond distances are 1.93, 2.16 and 2.20 A, respectively.
All attempts to locate a transition state for the proton shi in 15 met with failure. It may be argued that the proton shi may be a barrierless process, at least at this level of theory. Alternatively, it may be argued that the transition state for this reaction resides on a shallow potential energy surface and soon relaxes to either reactant or product for the reaction. The proton shi is thermodynamically an uphill process by 5.35 kcal mol À1 .
Surprisingly, a transition state for the proton shi could be located at a barrier of 6.62 kcal mol À1 from 15 when a lower level of theory was applied (B3PW91/6-31G(d)) (for C, H, N and O) and LANL2DZ (Br and Zn). Most of the structural parameters remain constant on going from 15 to the transition state, TS [15] [16] , with the exception of oxygen hydrogen bond distances at the active site. Hemiacetal coordinated to zinc can be converted into an ester in a process very similar to the conversion of 12 to 14 (Fig. 4) . A transition state for the intermediate sphere mechanism is modelled for this oxidation. Complex 17 is the active specie for this reaction, generated by replacement of a water molecule in 16 with hydrogen peroxide. A transition state for the oxidation of hemiacetal to ester is located at a barrier of 21.99 kcal mol À1 . The structural features of the transition state are very similar to TS [12] [13] [14] . A few important structural features are given in Fig. 5 . The reaction is highly exothermic by 90.15 kcal mol À1 and the exothermicity is even higher than that for 12 to 14. Kinetic barriers for the intermediate sphere mechanisms (Fig. 4 and 5 ) are quite consistent with the experimental reaction conditions, which suggest that the intermediate sphere mechanism is a plausible mechanism for the conversion of alcohols into esters through zinc catalysis. The outer sphere mechanism is another possibility besides the inner and intermediate sphere mechanisms. However, the outer sphere mechanism was not investigated primarily for two reasons: (a) the outer sphere mechanism also involves a hydride shi to zinc, which is believed to be kinetically highly unfavourable (very similar to the inner sphere mechanism) because it involves a hydride shi to an electron rich zinc atom; (b) the outer sphere mechanism also requires a proton acceptor at a suitable position, which is missing in this catalytic system.
A number of zinc mediated oxidative transformations were recently reported in the literature, wherein variation in zinc halides (ZnI 2 , ZnBr 2 , and ZnCl 2 ), oxidant (TBHP, H 2 O 2 ) and ligands have been studied. Some of these reactions involve signicant changes in the catalytic system. For example, ZnI 2 and TBHP are used as the catalyst and oxidant, respectively, in the oxidative transformation of alcohol and amines to amides without any added ligand. Therefore, in this study, the effect of oxidant and zinc catalyst is studied and nally, the kinetics and thermodynamics of a ligandless reaction are also investigated. In the rst approach, the effect of the oxidant is investigated, wherein H 2 O 2 is replaced with TBHP and the potential energy diagram for the intermediate sphere mechanism is explored. The potential energy for the inner sphere mechanism is not affected with changes in the oxidant because the oxidant is not involved in the b-hydride elimination. The potential energy diagram for the oxidation of alcohol to ester with TBHP (through intermediate sphere mechanism) is very similar to the H 2 O 2 mediated reaction. Replacement of a hydrogen atom with a tert-butyl group does not cause signicant changes in the geometry of complex 20. The interaction of the hydroxyl proton O10 (of H 2 O 2 ) with the bromide ligand causes some deformation of the geometry of the complex 12 (Fig. 6) . The geometries and related structural parameters are shown in Fig. 6 .
Structure 21 is an isomer of compound 20, which lies about 6.81 kcal mol À1 lower in energy than 20 (Fig. 7) . In 21, the benzyloxy moiety does not show hydrogen bonding interaction with the carboxylic acid part of the ligand, rather it shows nonbonding interactions with the OH of TBHP. The activation barrier for the oxidation to aldehyde through TBHP oxidant was calculated at 23.06 kcal mol À1 . The activation barrier with TBHP is slightly higher than the corresponding reaction with H 2 O 2 (22.63 kcal mol À1 ). Changing the oxidant from H 2 O 2 to TBHP affects the interactions in the transition states as well. With H 2 O 2 , the hydroxyl (O10) proton shows non-bonding interactions with the bromide ligand, whereas with TBHP, a proton from the tertiary butyl group shows non-bonding interactions with bromide. Most of the other structural features are very similar for both transition states, except C2-H6 and Zn-OBu/ OH bond distances. These distances are small with H 2 O 2 and probably make the TS 12-14 more stable than TS [20] [21] [22] . The reaction is highly exothermic, quite similar to the reaction with H 2 O 2 . The energy prole for proton shi in 23 to deliver 24 is very similar to what is observed for the transformation of 15 to 16. The transition state could not be located at a higher level of theory; however, it could be located at a lower level ( Fig. S1 and S2 †). Hydrogen transfer from the hemiacetal to TBHP in 25 (to deliver the ester complex 26) (Fig. S3 †) has a kinetic barrier of 18.75 kcal mol À1 , which is lower than the oxidation of benzylic alcohol to benzaldehyde under TBHP conditions (TS [20] [21] [22] ). This . Unnecessary hydrogen atoms are removed for clarity. trend is consistent with what is observed with H 2 O 2 , i.e., activation barriers for the oxidation of hemiacetals to esters are lower than for the oxidation of benzylic alcohols to aldehydes; however, the activation barrier is much lower with TBHP. The kinetic barrier for the oxidation to esters with TBHP is lower than with H 2 O 2 by about 3.24 kcal mol À1 . A comparison of the energy proles for reactions under TBHP and H 2 O 2 conditions illustrate that H 2 O 2 is a better oxidant in the intermediate sphere mechanism for the oxidation to aldehydes, whereas TBHP is superior for oxidation to esters. These theoretical ndings are consistent with the experimental observations.
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To explore the effect of halide ligands on zinc, TBHP coordinated complexes were analysed. Hydrogen transfer from the zinc iodide coordinated benzylic alcohol 27 to generate benzaldehyde 28 (Fig. S4 †) These theoretical calculations are in accordance with the practical observations. Under similar conditions, 61% conversion has been observed experimentally with ZnBr 2 , whereas only 50% conversion is reached with ZnI 2 . Moreover, for ZnBr 2 , the ester is the dominant product, whereas ZnI 2 delivers only the aldehyde product. The oxidation of aldehyde to ester using ZnI 2 is hindered by the higher activation barrier for the second oxidations step (see Fig. S5 †) . Finally, the effect of the ligand (pyridine-2-carboxylic acid) on the oxidative esterication was explored. Because the zinc complex without the pyridine-2-carboxylic acid ligand is a less than 18 electron species, it is interesting to investigate whether b-hydride elimination is a favourable process in these complexes or not. The activation barrier for the hydride shi is about 30.94 kcal mol À1 with respect to 30a. The activation barrier for the hydride shi is relatively decreased in the absence of the ligand (30.94 vs. 31.78 kcal mol À1 ) (see Fig. S6 †) .
In the transition state (TS 30a-31 ), C2-H and Zn-H bond lengths are 1.62 and 1.68 A, respectively. Moreover, the reaction is thermodynamically uphill. The product of this step, 31, lies 6.23 kcal mol À1 higher in energy than 30a.
Because the activation barriers associated with the inner sphere mechanism (shown in Fig. S6 †) are slightly decreased in the absence of ligand (although highly inaccessible at room temperature), it was of great interest to investigate the energetics of the ligandless intermediate sphere mechanism. A transition state was located for a hydrogen shi to TBHP with concomitant breakage of the O-O bond at barrier of 29.37 kcal mol À1 from 32a. In the transition state, C1-H8 and H8-O6 bond lengths are 1.21 and 1.52 A, respectively. The O6-O7 bond of TBHP is considerably elongated (1.81 A compared to 1.44 A in 32a). The transition state is of relatively lower energy compared to the one for the hydride shi to zinc and the overall reaction is highly exothermic. The activation barrier for the hydrogen shi to TBHP in the absence of ligand is about 7 kcal mol À1 higher than with the ligand. This is again consistent with the experimental observation wherein 100% conversions were achieved in the presence of ligand compared to 50-60% conversion in the absence of ligand. Although the activation barrier for the intermediate sphere mechanism is increased in the absence of ligand, the activation barrier is lower than for the inner sphere mechanism (b-hydride elimination). These calculations reveal that the intermediate sphere mechanism is the plausible mechanism in the presence and absence of ligands. The water molecule generated as a result of the hydrogen shi also coordinates with the zinc atom, although this oxygen atom is quite a distance away from zinc in the starting material 32a (compare 2.30 A in TS 32a-33 with 2.91 A in 32a). The low activation barrier may be attributed (Fig. S7 †) to the formation of the metal oxygen bond in the transition state compared to the relatively unstable M-H bond in the TS 30a-31 .
Conclusions
In summary, the mechanism of the zinc(II) catalyzed oxidative transformation of alcohols to esters using H 2 O 2 as oxidant was investigated by density functional theory methods, and the mechanistic outcomes were compared with those of other late transition metals. Both inner sphere and intermediate sphere mechanisms were analyzed in the presence and absence of pyridine-2-carboxylic acid (ligand). The inner sphere mechanism, which involves a hydride transfer to the transition metal, was found to be kinetically more demanding than the competitive intermediate sphere mechanism. In the presence of the ligand, the calculated activation barrier for b-hydride elimination (inner sphere) was 31.78 kcal mol
À1
. The calculated activation barriers for the hydrogen shi from the alkoxy ligand (intermediate sphere mechanism) to the oxidant (H 2 O 2 ) were 22.63 and 21.99 kcal mol À1 for the aldehyde and ester formation steps, respectively. Ligands signicantly affected the inner and intermediate sphere mechanisms. In the absence of ligand (pyridine-2-carboxylic acid), the activation barrier for b-hydride elimination increased slightly; however, the effect was more pronounced for the intermediate sphere mechanism wherein the activation barrier for the rate determining step decreased by more than 7 kcal mol À1 . The effect of halide (on zinc) was relatively small. The presence of an iodide on zinc instead of a bromide provided easy access to aldehydes because of the lower activation barrier for the rst step, whereas the activation energy for the second step was signicantly increased. Moreover, steric bulk in the oxidant such as TBHP increased the activation barrier for the oxidation of alcohols to esters by 0.43 kcal mol À1 ; however, the activation barrier for the oxidation of hemiacetals to esters was decreased by 3.24 kcal mol À1 . The mechanism of zinc catalyzed oxidative esterication is different from the mechanism of the same reaction with other late transition metals. With Ru, Pd and Ir, inner or outer sphere mechanisms carry out the reactions. The intermediate sphere mechanism for zinc is an interesting aspect for further exploration.
